Sequences of nuclear ribosomal DNA ITS region were used to estimate phylogenetic relationships of Alnus. We recognize three major clades in Alnus, including subgenera Alnobetula, Clethropsis, and Alnus; subgenus Alnobetula is sister to subgenera Clethropsis and Alnus. The eastern Asian subgenus or section Cremastogyne is embedded in the subgenus Alnus clade. Alnus nepalensis is part of subgenus Alnus, not subgenus Clethropsis. Alnus maritima is part of subgenus Clethropsis (excl. A. nepalensis). Long and short branching pattern, sessile winter bud, and 2-yr phenology are plesiomorphies in Alnus, while 1-yr floral phenology and fall blooming are derived features. The simple axillary female inflorescence has evolved more than once in Alnus. Central and South American species of Alnus are derived from migrants from eastern Asia via the Bering land bridge and western North America. In subgenus Clethropsis, A. formosana of eastern Asia is more closely related to eastern North American species than to the other Asian species, A. nitida. The low sequence divergence within both the A. incana and A. viridis species complexes indicates their recent history of diversification in the circumpolar areas.
Introduction
Alnus Mill. (Betulaceae) is distributed around the Northern Hemisphere and into the Andes of the Southern Hemisphere ( fig. 1 ). According to most recent surveys (Murai 1964; Furlow 1979; Ashburner 1986; Chen 1994; Govaerts and Frodin 1998) , there are 29-35 species of Alnus in the world, with 9 species in the New World, 4-5 in Europe, and 18-23 in Asia. Alnus had a wide distribution in the Northern Hemisphere in the Tertiary. Although fossil pollen grains assigned to Alnus have been reported from the Late Cretaceous of Japan (Miki 1977) and western North America (Wolfe 1973) , no megafossils prior to the Tertiary have been reliably assigned to Alnus. In North America, unequivocal infructescences of Alnus and associated leaves, male catkins, and in situ pollen grains have been found in the deposits of the early Eocene in Wyoming and of the middle Eocene of Oregon (Crane 1989) . Throughout the subsequent Tertiary, Alnus was a common element of North American flora (Manchester 1999) . In Eurasia, fossil infructescences have been found in the Late Paleocene of Kamchatka (Budantsev 1997) , the Middle Eocene of Honshu (Huzioka and Takahashi 1970) , and northeastern China (Li et al. 1995) . In Europe, fossils of Alnus were first recorded from the Eocene Bournemouth Beds of England (Chandler 1963) .
Phylogenetic analyses based on both molecular and morphological data support the monophyly of Alnus (Chen et al. 1994 ) and the sister relationship of Alnus and Betula L. (Crane 1989; Bousquet et al. 1992; Kato et al. 1998; Chen et al. 1999) . In both genera pollen grains have arci, which are absent in the rest of the genera of Betulaceae (Chen et al. 1999) . However, Alnus differs from Betula in having a strobilus-like infructescence with persistent woody scales that are five-lobed and two seeds per infructescence scale. Sister to the Alnus þ Betula clade is Coryloideae, which consists of four genera including Carpinus L., Corylus L., Ostrya Scop., and Ostryopsis Decne. (Kato et al. 1998; Chen et al. 1999) . Phylogenetic relationships and biogeography of Coryloideae have recently been inferred based on morphology and sequences of nrDNA ITS region (Erdogan and Mehlenbacher 2000; Whitcher and Wen 2001; Yoo and Wen 2002; J. Li, unpublished data) .
The taxonomy of Alnus has been controversial, resulting in several classification systems (table 1). The monophyly of the subgenera and sections has not been evaluated in a phylogenetic context, limiting our ability to infer character evolution and biogeography of Alnus. The objectives of this study, therefore, were (1) to reconstruct phylogeny of Alnus using sequences of nrDNA ITS region; (2) to evaluate the monophyly of sections and subgenera proposed by previous authors (Spach 1841; Regel 1868; Winkler 1904; Schneider 1916; Murai 1964; Furlow 1979); and (3) to infer the character evolution and biogeography of Alnus based on the phylogeny.
Material and Methods

Plants
Thirty-four species of Alnus were sampled, representing all subgenera and sections that have been recognized by previous authors, except for section Fauriae, for which plant material was not available for this study. In addition, 14 species representing the remaining Betulaceae (Betula, Carpinus, Corylus, Ostrya, and Ostryopsis) were included for rooting purposes. Eighteen sequences of the nrDNA ITS regions were retrieved from the GenBank and were included in the analyses (table 2) .
Molecular Techniques
DNAs were extracted from silica gel-dried leaves following the protocol of Bousquet et al. (1992) , with minor modifications. The nrDNA ITS region was amplified using primers ITS-1 and ITS-4 of White et al. (1990) . The thermocycler program consisted of the following steps: a predenature at 70°C for 4 min; two cycles of 94°C for 1 min, 52°C for 20 s, and 72°C for 50 s; and 42 cycles of 94°C for 20 s, 52°C for 20 s, and 72°C for 50 s. The final cycle was followed by an additional 4-min extension at 72°C. The amplified products were purified using a Qiagen Gel Purification Kit (Santa Clarita, Calif.). Sequencing reactions were conducted using the Bigdye terminator chemistry following manufacturer's instructions (ABI, Foster City, Calif.). Sequences were analyzed using an ABI 377 automated DNA sequencer and were edited using SeqEval software (version 1.2b5). Sequences from both strands were obtained and compared to guarantee accurate base calling.
Sequence Alignment and Phylogenetic Analyses
Sequences were readily aligned by eye. Parsimony analyses were carried out using PAUP* (version 4.0b10; Swofford 2002) with a heuristic tree search that applied 1000 replicate searches, each with random sequence addition with 10 trees held, TBR branch swapping, Multrees option on, and steepest descent option off. Gaps were treated as missing data, characters were equally weighted, and their states were unordered. To evaluate support for individual clades, we conducted bootstrap analysis (Felsenstein 1985) using 10,000 replicates and the fast bootstrap analysis option in PAUP* because of computer memory limitations. We used MacClade (version 4.0; Maddison and Maddison 1998) to compare different phylogenetic hypotheses, which were also tested using the Templeton test (Templeton 1983) , as in Li et al. (2002) . The inference of character evolution was conducted using Fig. 1 Geographic distribution of four subgenera of Alnus (Murai 1964; Chen 1994; Schrader and Graves 2000) 326 INTERNATIONAL JOURNAL OF PLANT SCIENCES parsimony method and was implemented in MacClade (Maddison and Maddison 1998) .
Results
Sequence Characteristics
We obtained 32 new complete sequences of the nrDNA ITS region, and their sequences have been submitted to the GenBank (table 2). The aligned data set, which has been submitted to the TreeBASE (www.treebase.org/treebase; M1823), had 618 base pairs (bp) and included 13 indels. All indels were 1 bp long except for two, one of which (22 bp) was shared by A. nitida (Spach) Endl., A. formosana (Burkill) Makino, and A. maritima (Marshall) Muhl. ex Nutt. The other (4 bp) was unique to Ostrya rehderiana Chun. The lengths of the ITS-1, 5.8S, and ITS-2 regions were 216-217 bp, 163 bp, and 227-230 bp, respectively. There were 209 variable sites, 139 of which were parsimony informative. Sequence divergence ranged from 0% to 13.89% within Alnus and from 7.27% to 18.38% between Alnus and outgroups. The nrDNA ITS region was rich in G+C (54%-62%), which did not differ significantly among species sampled, as judged from the x 2 test in PAUP* (P ¼ 0:9).
Phylogenetic Relationships
Parsimony analyses based on the ITS data set found 18 most parsimonious trees of 335 steps (strict consensus in fig. 2 ; consistency index ½CI ¼ 0:76, retention index ½RI ¼ 0:92). Species of both Alnus and Betula formed their own clades (bootstrap ½bs ¼ 98% and 100%, respectively). Species of Alnus formed three major clades, designated here as subgenera Alnobetula, Clethropsis, and Alnus. The subgenus Alnobetula clade (bs ¼ 79%) was sister to the clade (bs ¼ 70%) containing subgenera Clethropsis and Alnus. Within the subgenus Alnobetula clade, A. sieboldiana Matsum., A. firma Sieb. & Zucc., and A. pendula Matsum., all from eastern Asia, formed a strongly supported group (clade A, bs ¼ 97%), whereas the remaining species formed a polytomy because of little sequence variation and are designated here as the A. viridis complex ( fig. 2 ). This complex consists of A. crispa, A. fruticosa, and A. sinuata of North America, A. maximowiczii and A. mandshurica of eastern Asia, and A. viridis of southern Europe. The subgenus Clethropsis clade (bs ¼ 100%) comprises A. maritima of eastern North America and A. formosana and A. nitida of eastern Asia. Within the subgenus Alnus clade (bs ¼ 97%) six lineages were recognized in the tree: (1) A. hirsuta (Spach) Rupr. of eastern Asia, A. rugosa (Du Roi) Spreng. of eastern North America, and A. rubra Bong. and A. tenuifolia Nutt. of western North America (the A. incana species complex, bs ¼ 54%); and (6) A. acuminata Kunth of South America, A. jorullensis Kunth of Central America and South America, and A. rhombifolia Nutt. and A. oblongifolia Torr. of western North America (clade E, bs ¼ 72%). Relationships among these lineages were not resolved except that the latter two groups (A. incana complex and clade E) formed a weakly supported clade (bs < 50%). When A. nepalensis was forced to form a clade with subgenus Clethropsis in MacClade, eight more steps were entailed, which was significant, as judged by the Templeton test (P < 0:001).
Discussion
Phylogenetic Relationships and Taxonomic Implications
Most authors agree that Alnus includes Spach's (1841) genera Alnaster and Clethropsis. In our ITS tree ( fig. 2) , Alnus, including Spach's Alnaster and Clethropsis, forms a robust clade (bs ¼ 98% and 18 base substitutions), supporting the placement of Alnaster and Clethropsis in the genus Alnus (Regel 1861 ; Winkler 1904; Schneider 1916; Murai 1964; Furlow 1979; Li and Cheng 1979) . Morphologically, Alnus has synapomorphies including the woody conelike infructescence with persistent scales and staminate flowers with perianth (Furlow 1990; Chen et al. 1999) .
Alnus has been subdivided variously in classifications (table 1; Regel 1868; Winkler 1904; Schneider 1916; Murai 1964; Furlow 1979; Li and Cheng 1979) . All these classification systems, however, agree that species sharing subsessile or sessile winter buds and long and short branching patterns belong to a group regardless of the taxonomic rank. Regel (1868) and Murai (1964) recognized this group as section and subgenus Alnaster, respectively; Schneider (1916) and Winkler (1904) Species of subgenus or section Cremastogyne (A. cremastogyne, A. fernandi-coburgii) differ from other species of Alnus in having simple female catkins (Winkler 1904; Schneider 1916; Murai 1964) . Based on this character, Li and Cheng (1979) placed A. sieboldiana in this group, although others had treated it as part of Alnobetula based on subsessile bud and leaf structure (Schneider 1916; Murai 1964 ). In the ITS tree, A. sieboldiana is placed with A. firma and A. pendula in the Alnobetula clade with strong support (bs ¼ 96%), consistent with Schneider (1916) and Murai (1964) .
Spach (1841) separated Latin American species of Alnus from North American and Eurasian species and recognized them as section Phyllothyrsus. Murai (1964) , however, placed these species together with some Asian species in section Japonicae (table 1) . In addition, he considered that western North American species were most closely related to the 
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A. incana complex. In the ITS tree ( fig. 2) , however, Central and South American species are more closely related to western North American species than to Asian species (clade E), which conflicts with Murai's hypothesis. In Alnus there are two major species complexes, A. incana and A. viridis. Both of them are widely distributed throughout circumpolar areas of the Northern Hemisphere. Populations in different biogeographic areas have been recognized as either species or subspecies (Winkler 1904; Furlow 1979) . In the ITS tree ( fig. 2) , A. hirsuta, A. incana, A. rugosa, A. rubra, A. inokumae, A. tenuifolia, A. sibirica, and A. glutinosa form a clade with weak support (bs ¼ 54%), indicating close relationships among these taxa. Similarly, A. crispa, A. fruticosa, A. maximowiczii, A. sinuata, and A. viridis form a polytomy with a well-supported group of eastern Asian species (A. firma, A. sieboldiana, and A. pendula). Thus, our nrDNA ITS data indicate that some of these taxa represent the most recently divergent lineages within each of the two species complexes. 
CHEN & LI-PHYLOGENETICS AND BIOGEOGRAPHY OF ALNUS
Character Evolution
Species of Alnus are diverse in their vegetative and reproductive characters, including branching pattern, winter bud, and phenology. Our ITS phylogeny offers insights into the evolution of morphological characters.
Subgenus Alnobetula is the only group that has both long and short shoots bearing leaves and sessile winter buds, characteristics also found in Betula. In the ITS tree, subgenus Alnobetula is sister to the remaining Alnus, indicating that sessile buds and the presence of long and short leaf-bearing shoots are ancestral features of the genus ( fig. 3a) . Female catkins of Alnus can be simple or compound, forming paniculate infructescences. The simple female catkin occurs in species of section Cremastogyne, A. maritima of subgenus Clethropsis, and A. sieboldiana of subgenus Alnobetula. In the ITS phylogeny, these species are distributed in three different clades ( fig. 3b) . Therefore, in Alnus, this character state has evolved at least three times independently from compound infructescences via reduction.
In most species of Alnus there is a 2-yr phenological cycle: female and male inflorescences initiate in the summer and become dormant over winter, flowers then open the next spring, and seeds mature the next fall. This phenology also occurs in species of Betula. However, in section Cremastogyne and subgenus Clethropsis, inflorescences form in spring (Chen 1994) . In the ITS tree, these two groups do not form a clade ( fig. 3c) , indicating that the spring initiation of flowers has evolved two times independently in Alnus, probably as a result of parallel evolution in warm climate. In section Cremastogyne, male and female flowers bloom in the first spring, while in all the other Alnus species flowers open in the first fall or winter or the second spring ( fig. 3d ). This 1-yr floral phenology is obviously a synapomorphy of this section. In species of subgenus Clethropsis, both male and female flowers open in the summer or fall (August-October). Species of this subgenus do not form a clade in the ITS tree; A. nepalensis is part of section Cremastogyne, whereas the other species form a separate clade containing A. maritima, A. nitida, and A. formosana. Our careful examination of specimens of A. nepalensis shows that its male flowers open from November through January, supporting the separation of A. nepalensis from section Clethropsis. 
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The base chromosome number in Alnus is x=7, and the only diploid species is A. inokumae from southern Japan (Murai 1964) . Most species of Alnus have 2n=28, although a few species have variants of 2n=42 and 2n=58. In the ITS tree, A. inokumae is embedded in the crown lineage. In Alnus apomixis has been described in A. serrulata (Woodworth 1929 (Woodworth , 1930 . It is possible that A. inokumae resulted from agamospermy. However, such possibility requires testing.
Biogeography Takhtajan (1969) considered subgenus Clethropsis the most primitive group of Alnus and hypothesized that Alnus originated from subtropical areas of southwestern Asia. Murai (1964) , however, suggested that section Japonicae is the most primitive lineage because A. inokumae of this section has the most basic diploid chromosome number (2n=14). Strict consensus tree of 18 trees of 335 steps. Numbers above branches are base substitutions along branches; geographic distributions of the species are labeled on the right. CA, Central America; E, Europe; EA, eastern Asia; ENA, eastern North America; ME, Mediterranean; SA, South America; SE, southern Europe; WNA, western North America.
CHEN & LI-PHYLOGENETICS AND BIOGEOGRAPHY OF ALNUS
Based on this and species diversity he hypothesized that ancestors of Alnus originated from temperate Japan and adjacent areas. In the ITS tree, neither subgenus Clethropsis nor section Japonicae diverges from the basal node ( fig. 2 ; table 1). Subgenus Alnobetula is sister to the remaining Alnus and contains species that are distributed in circumpolar areas of the Northern Hemisphere (Furlow 1979) . Therefore, the center of origin of Alnus remains unclear. Future phylogenetic analyses incorporating reliable fossils may provide further insights into this matter.
In the subgenus Clethropsis clade (fig. 4) , one of the Asian species (A. formosana) is more closely related to the eastern North American species (A. maritima) than to the other Asian species (A. nitida). Similarly, in the clade C of subgenus Alnus, one of the Asian species (A. japonica) is more closely related to North American species (A. serrulata) than to the other Asian species (A. matsumurae). These results support the conclusion that there are multiple vicariance or dispersal events in the Northern Hemisphere resulting in the disjunct distribution between eastern Asia and North America (Tiffney 1985; Wen 1999; Xiang et al. 2000; Donoghue et al. 2001) .
In the subgenus Alnobetula clade, there is little sequence variation within the A. viridis complex ( fig. 4) , whose species are distributed in North America, southern Europe, and eastern Asia. This indicates that the complex may have a recent history of diversification. The explanation is likely to be true for the A. incana complex of the subgenus Alnus clade since sequences also have little difference within the complex (fig. 4) . Murai (1964) placed Latin American species together with Asian species in his section Japonicae and suggested that this section is closely related to section Clethropsis. He hypothesized that Latin American species are derived from populations that migrated from Asia via Australia and South America before the separation of these continents. In the ITS tree ( fig. 4) , the Latin American species (A. acuminata and A. jorullensis) are most closely related to western North American species (A. rhombifolia and A. oblongifolia), and together they are sister to the circumpolar A. incana complex. Therefore, our ITS data are in conflict with Murai (1964) but are consistent with Furlow's (1979) explanation that Latin American species of Alnus migrated from Asia via the Bering land bridge and western North America. The alternate route of migration between Eurasia and North America is the North Atlantic land bridge. However, Furlow's (1979) explanation is more reasonable since it is also consistent with the fossil record of Alnus in Eurasia (Chandler 1963; Huzioka and Takahashi 1970; Li et al. 1995; Budantsev 1997) and western North America (Crane 1989; Manchester 1999) . Further test of the hypotheses is warranted based on a betterresolved phylogeny, more detailed analyses of fossils, and reliable estimates of time of divergence.
Recent studies have demonstrated a strong floristic connection between the Mediterranean and eastern Himalayas/ western China (Whitcher and Wen 2001; Sun et al. 2002) . In the strict consensus tree ( fig. 2) , A. cordata, A. orientalis, and A. subcordata from Europe and the Mediterranean do not form a clade with A. nepalensis, A. cremastogyne, and A. trabeculosa from the eastern Himalayas and western China. However, in 44% of the most parsimonious trees these species form a clade (tree not shown). Clearly, more data are needed to further resolve this relationship.
